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The  strong  trel ling-edge  shook  weves  fro*  tbs  nozzle  golds  vanes  of  transonic  turblns  atagss  osn 
glvs  rlss  to  lntsrsetiona  wltb  tbs  downstrsaa  rotor  which  srs  significantly  more  ssvsrs  than  is  ths  osss 
with  lovsr  pressure  ratio  stages.  It  is  therefore  important  to  study  suoh  effeots  in  detail  both  froa 
the  point  of  view  of  stage  power  output  end  aors  importantly  from  that  of  heat  transfer  rates,  k study 
has  been  aade  of  e transonic  rotor  profile  in  e static  cascade  in  whloh  the  effeot  of  shook  wave 
Interaction  is  eiauleted  by  aeane  of  an  array  of  bars  rotating  at  the  oorreot  speed  and  spaolng  upstrsaa 
of  tbe  stationery  rotor  blades.  Detailed  heat  transfer  rets  measurements  aade  with  rapid  response  gauges 
enable  the  wake  and  shock  phsnoaene  to  be  separated. 

S 

Nomenclature 


NGV  exit  velocity,  relative  bar  velocity 
Tangential  (or  true)  chord 
Thermal  conductivity  (W/mJC) 

Rest  transfer  rate  (V/a*) 

leentroplc  Macb  Number  (baaed  on  looel  static  pressure  end  inlet  total  pressure) 

Nuseelt  Number 

Reynolds  Number  (baaed  on  inlet  total  conditions,  leentroplc  exit  Kaoh  Nuabsr  end  tangential  chord) 
Blade  surface  perimeter 

Time 

Temperature  (K) 

Turbulence  level  - u'/6 
Fluctuating  velocity  (m/e) 

Veloolty  (a/s) 

Rotor  relative  velocity,  cascade  inlet  velocity 

Surface  distance  from  the  leading  edge  stagnation  point 

Distance  in  the  pitch-wise  direction  from  tbe  epanwlee  datum  position 

Gas  angle  (measured  from  tbe  axial  dlreo’.lon) 


Subscripts 


• freest re aa 


1.1  • Inlet,  ftitlet 

mens  - Measuring  polwt 

b.m.t  • Rub.  mean,  tip  (or  tangential  la  chord  definition) 
rel  - Relative  bar  condition 
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Introduction 


The  effecte  of  unsteady  fiowa  oeueed  by  rotor  blade/NGV  interactions  end  the  dleturbenoe  to  tbe 
potential  flow  due  to  rotor  blade  aotlon  ara  aroueing  lnoreaelng  Intereet  ae  etteapte  are  made  by  turbine 
deelgnere  to  improve  their  predictions  of  performance.  Prevloue  work  by  Doorly1-1  and  Dunn4-”1 2 * 4*  bas  ehown 
tbe  elgnlfieant  effect  of  NGV-"otor  interaction  on  heat  tranefer  ratee  assooleted  with  the  effeot  of  the 
turbulent  NGV  wake  on  the  rotor  boundary  layer  ee  tbe  blade  paesea  through  the  wake.  Doorly's  studies 
have  identified  tbe  fluid  dynamlo  phenomena  aeeoolated  wltb  tbe  Interaction  employing  a stationary  linear 
oaecade  and  an  array  of  bare  rotated  off-axle  upetreaa  of  tbe  blades  In  suoh  a way  as  to  generate  a eet 
of  wakes  which  paee  over  an  instrumented  etatlonary  blade.  Dunn’e  etudles,  on  tbe  other  hand.  Involved  a 
complete  rotor  behind  an  NGV  ring.  An  exteneive  study  of  unsteady  secondary  flow  vortloes  In  a turbine 
rotor  stage  has  been  made  by  Binder  et  al. 11-11 . Laser  two-foeu  veloolmetry  was  used  to  traok  tbe 
distortion  and  migration  of  the  NGV  postage  vortex  ae  It  passed  through  the  rotor  blede  ring. 
Simultaneous  measurements  of  mean  veloolty  and  turbulenoe  level  were  made.  It  was  found  tbet  the 
turbulenoe  level  arising  from  this  vortex  was  ralead  considerably  by  the  outtlng  aotlon  of  tbe  rotor 
bladej  and  this  affeot  was  escribed  by  Binder  et  al.  to  the  break-up  of  tbe  vortex  Itself.  The 
experiments  were  carried  out  In  a stoedy  flow  turbine  rig  eo  that  tbe  long  sampling  times  required  for 
aocurate  L2P  measurements  were  readily  attainable.  Hodson11  has  also  Investigated  tbe  blade-wake 
Interaction  measuring  unsteady  blade  pressures  on  a large-eoale  rotating  rig  In  a manner  similar  to  that 
at  UTRC  whera  Drlng  and  bla  oolleaguae14-11  have  studied  blade  boundary  layers  using  a rotor  axis  fixed 
bot  wire  anemometer 

The  wo^'k  reported  In  tha  present  study  has  been  carried  out  lr.  a linear  oaeoada  of  the  blades  of  a 
transonlo  stage  where  tha  NGV  exit  Maoh  Number  le  generally  higher  than  that  used  by  Doorly  or  Dunn  and 
In  which  the  strong  recompraselon  shocks  In  tha  wake  have  a more  Important  affeot  on  tbe  boundary  layer 
and  henoa  on  tha  beat  transfer  rates.  The  rotor  profile  le  the  earns  ae  that  ourrently  fitted  to  tbe  MIT 
transient  blowdown  feolllty  daeorlbed  by  Epetaln  at  al.1*  eo  that  dlreot  comparisons  will  be  possible 
between  tha  two  different  approaches. 


Tha  measurements  were  carried  out  In  tha  lsentrvv  lo  light  piston  oasoada  described  by  Sohultz  at 
al.11.  In  whloh  a short  duration  <-  O.J  eac.)  flow  la  prc’uced  at  the  corraot  full-eoala  engine  Reynolds 
and  blade  exit  Maob  Numbara  and  at  tha  correotly  soalad  gae/wall  temperature  ratio.  Tha  simulation 
employed,  l.a.  stationary  rotor  and  moving  wakes  has  advantages  in  terms  of  simplicity  over  tha  fully 
rotating  experiment  In  eo  far  as  Schllaren  techniques  may  be  employed  to  looata  shock  waves  and  boundary 
layer  aeparetlooa  (induced.  It  will  be  seao,  by  tha  lnoldant  shock  wave).  It  must  be  emphasised, 
however,  that  the  following  affaote  ara  not  simulated: 


1.  Temperature  gradients  In  tbe  wake  due  either  to  a film  cooled  NGV  or  tha  heat  transfer  to 

tbe  vena  as  a whole. 

2.  Tha  differential  affaots  of  buoyancy  forces  on  tba  oooled  wake  and  the  mainstream  flow. 

J.  Distortion  of  tha  NGV  passage  flow  by  tha  rotor  blockage. 

4.  The  Influence  of  unsteedy  secondary  flows  over  both  tha  rotor  root  and  tbe  tip  region. 

The  simulation  Is.  in  effeot.  valid  only  for  mld-blada  height  fiowa  but  is  believed  to  be  valuable 
nevertheless  In  that  It  enables  tha  relevant  fluid  dynamlo  phenomena  to  oe  isolated  and  studied  in  some 
detail.  The  arrangemeot  of  tha  linear  oasoada.  tha  rotating  dlso  and  stranded  steel  oablee  is 
Illustrated  io  Pig.  1(a).  A more  oom^lete  description  la  given  by  Ashwortb  et  al.1*  and  it  suffices  hare 
to  reoord  tbit  the  aerodynamlo  design  of  tha  prototype  oold  air  turbine  lo  whlob  a 41  blade  rotor  epine 
at  9004  RPM  behind  an  NGV  ring  of  Si  vanes  is  oorreotly  simulated  by  having  e dlso  oanylng  14  radial 
bars  (stranded  oable)  and  e turoioe  seeling  faotor  oaecsje/oold  air  turbine  of  1.S247.  Tha  NGV  trailing 
edge  diameter  was  1.2192  mm  and  tha  nearest  suitable  cable  diameter  of  1 .4131  mm  was  chosen  for 
eoavanlanoe.  The  plane  of  the  array  of  the  bars  was  looated  14  SIS  am  upstream  of  tba  casoada  blade 
leading  edge  line.  Experlmeots  reported  by  Doorly1-*  have  shown  that  a wake  velocity  profile  similar  to 
that  from  an  NGV  can  be  produced  bv  a olrcular  cyUrder  of  diameter  equal  to  that  of  tba  vena  trailing 
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edge . The  oaeoads  hae  a span  of  30  ma  at  hleda  inlet  and  54.095  ma  at  exit  with  the  expansion  on  one 
eide  only  ae  illustrated  in  Pig.  1(a).  A turhulenoe  grid  208  os  upetre&m  of  the  oasoada  provides  a level 
of  u'/0  of  approxisately  3%.  Opetreaa  and  downstream  etatio  and  total  pressures  wara  measured  routinely 
to  estahlleh  the  oorreot  casoada  operating  oonditions  and  are  reported  in  oora  detail  hy  Ashworth  at 
•l.1*.  The  operating  conditions  at  the  nominal  angina  design  point  are  given  halow. 

The  heat  transfer  gaugae  used  in  this  etudy  are  oonvantional  thin  fila  eurfaoe  resistanoe 
theraooetere  widely  used  for  the  determination  of  heat  tranefer  rate  in  short  duretion  feoiiitiea1*. 
Data  from  22  euoh  gaugae  were  etored  in  a digital  tranelent  recorder  eaapling  up  to  14  ohannals  at 
300  kHz  for  each  ohannel  or  wera  input  direotly  to  tha  A/D  oonvertar  at  a elower  rata  of  400  Hz  for  soma 
of  the  64  avaiiahla  A/D  oh&nnele  when  tiae  arar.je  data  only  ware  required,  alao  used  for  seas  reman te 
suoh  aa  inlet  and  axit  etatio  praasuraa.  Tha  looations  of  thaaa  heat  tranefer  gauges  on  tha  hiada  era 
shown  in  Pig.  2(a)  and  givan  in  terse  of  tha  eurfaoe  length  'x'  to  perimeter  'a'  from  tha  etagnation 
point.  A more  detailed  study  of  tha  reaotlon  of  the  euotion  eurfaoa  houndary  iayar  lo  both  freeetreaa 
turhulenoa  and  the  wake-paesing  phenomena  ie  aleo  reportad  halow.  Por  this  study  another  hiada  was 
instrumented  with  thin  film  gaugae  whioh  were  only  4 ma  long  as  oomparad  to  10  ma  for  tha  previous  teats, 
and  were  mors  oloasly  apaoed  around  the  profile,  as  shown  in  Fig.  2(h).  Tha  model  points  in  Pig.  2(h)  ara 
those  referred  to  in  Pig.  6.  Surfaoe  pressures  ware  measured  in  a tiaa-avaragad  manner  using  Seneya 
semiconductor  transduoers  type  LZ-1620D  operating  in  a differential  node  ee  reported  in  more  detail  hy 
Ashworth  at  al.ia.  Baseline  experimental  results  have  been  reported  hy  Ashworth  et  el.  hut  for  olerlty 
some  of  this  data  is  referred  to  in  the  present  paper.  The  velocity  triangle  for  tha  steady  nominal 
design  case  is  shown  in  Fig.  1(h)  which  lnoludas  the  effeot  of  the  reduoed  NGV  exit  waks  velooity  C£  on 
the  rotor  inlet  angle  p^. 


A comparison  of  baseline  data  with  no  rotor/waka  intaraotion  ie  given  in  Tig.  3(a)  for  the  two  casae 
of  low  (<  0.8%)  freeetream  turhulenoa  end  with  a turhulenoa  level  of  approximately  3%.  It  will  ha  jean 
that  ths  turhulsnce  generated  hy  the  har  grid  la  auffioient  to  bring  ths  region  of  boundary  layer 
transition  forward  from  about  60%  x/a  on  the  pressure  eurfaoe  and  50%  x/e  on  tha  euotion  surfaoe  to  10% 
and  20%  respeotlvely.  All  of  this  data  was  taken  et  tha  nominal  design  oasoada  operating  oondltione: 


(based  on  isentroplo  inlet  total  and  pltohwlee  averaged  axit  stetio  pressures) 

He  - 0.»if  x 10‘ 

pj  - 58.06*. 

The  oiroled  numbers  refer  to  heat  transfer  gaugae  identified  in  Pig.  2(e).  The  heat  transfer  rata 
is  presented  in  terms  of  a non-dlmanelonal  Huseelt  Number,  defined  ee: 


Tha  heat  tranefer  rate  to  the  hiada  with  tha  additional  effeot  of  wake  interaction  is  illustrated  in 
Pigs.  3(b)  and  3(o)  for  both  oases  of  affeotively  zero  freeetreaa  turhulenoa  and  - 3%  u'/U.  Proa 
Pig.  3(c)  it  will  he  eeen  that  there  ie  an  overall  inoreaae  in  heat  transfer  rata  over  both  the  preasure 
and  ouction  aurfecaa.  Tha  praesura  aurfaca  hsat  tranefer  la  enhanoed  over  praotioally  tha  whole  length 
although  tha  dominant  effeot  ie  oh served  for  values  of  x/a  < 70%.  On  the  pressure  eurfaoe  the  effeot  of 
wake  intaraotion  persiets  to  ehout  x/a  - 30%.  Examplaa  of  inatantaneous  heat  transfer  rates  are  inset  in 
the  figure  and  a more  extensive  'atlas1  of  results  ia  givan  in  Ashworth  at  el.**.  The  heat  transfer 
rates  with  wake  intaraotion  and  with  affeotively  zero  freastream  turhulenoa  era  ahown  in  Pig.  3(h).  As 
expeoted  there  la  a marked  increase  in  tha  level  of  heat  tranefer  rata  over  almost  the  entire  pressure 
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and  euotioe  eurfeoee.  Examples  of  instantaneous  values  of  haat  tranafar  rata  are  lnaat  and  thaaa  alao 
illuatrata  tha  inrraaaa  over  tba  undisturbed  oaaa. 

tein_Egfma.og-Iflltt..lpqld«Qt  Aagla  qb  BMt  Irtaaftr  Rit*  ind,Pr»flflurt..S*atrlbtttlon 

As  ia  llluatratad  in  Fig.  1(b)  tha  passage  of  tha  raduoad  velooity  wake  through  tha  rotor  hladlng 
glvaa  riaa  to  a time  varying  obanga  of  inoidanoa  angle.  Although  thia  ohange  la  aaaooiatad  with  tha 
blade-wake  ieteraotion  there  la  nevertheless  a time-averaged  affaot  wblob  laada  to  quite  marked 
variations,  particularly  on  tba  auotioa  eurfaoe  haat  tranafar  rata  and  praaaura  dlatrihutioa. 
Conaldarlng  flrat  tba  haat  tranafar  rata.  Pig.  4(a) * llluetretee  tha  sore  prolonged  region  of  laminar 
haat  tranafar  rata  aaaooiatad  with  a deoreaaed  iaoldanoa  of  -10*  froa  daalgn  value  of  38.06*.  Studlaa  at 
an  inoraaaad  lnoldeeoe  of  63.06*  ware  carried  out  for  off -daalgn  performanoe  purpoaaa  only  and  although 
reported  hare  for  refereeoe  are  aot  a part  of  tha  overall  wake-blade  interaction  experiments.  Tha 
unataady  inoldaaoa  affaota  oauaad  hy  tba  waka  veloolty  deflolt  are  aot  oorreotly  simulated  hy 
aaaauraaaata  made  la  tba  ataady  atata  but  It  la  probahle  that  tba  aatura  of  tha  tranelent  obangee,  at 
laaat  aaar  tha  leading  edge,  are  ia  llee  with  thoaa  ahowa.  Similar  raaarka  apply  to  tba  affaot  of  a 
deoreaaed  Iaoldanoa  oa  Haob  Nunher  dlatrihutioa  around  tba  hlede,  Fig.  4(h).  tha  overall  raault  being  a 
raduotion  of  Maoh  Number.  l.a.  unloading  of  tba  orovn  of  tha  auotion  aurfaoa.  a/a  < 40%. 

Measurement  of  tha  Unsteady  Dlaturbanoe  at  Inlet 

Ia  order  to  uederetand  tha  unsteady  pbaaoaaoa  oauaad  hy  tba  her-paselng  epparetue.  a akatoh  of  tha 
expeoted  Inlet  dlaturhanoaa  la  tha  elauletloe  and  tba  anglaa  la  glvaa  in  Fig.  5(a).  Tha  veloolty 
triangles  era  matohed  by  eettlng  tba  oorraot  her  velocity  and  matohlng  tba  oaaoada  lelet  veloolty  to  tba 
rotor  relative  veloolty.  Tha  Intermittent  parturbationa  to  tba  lelet  flow  oauaad  by  tba  elmulatloo  are 
abowa  for  tha  high  frees? ream  turhuleooe  caaa  la  Fig.  3(b)  ia  terms  of  hot-wl ra  output  from  tba  proha 
mounted  la  tha  freeetream  lelet  plane  at  mid-passage.  aod  aurfaoa  atagnatloa  polet  measurements  or 
praaaura  and  haat  tranafar  rata.  Both  tbaaa  reeulte  and  tba  detailed  maasuramaata  on  tba  auotion  aurfaoa 
are  preeeeted  from  taata  uelag  tba  ber-paaeing  apparatua  daaoribed  above  with  Juat  2 hare  fitted,  aa 
oppoeed  to  tha  16  hare  naoaaaary  to  modal  tba  oorraot  blade  passing  frequeeoy  of  tha  oold-elr  turblee 
daalga.  Thia  anahlaa  Individual  her-paeelng  avaata  to  ha  separated  in  tiaa,  alnoa  It  ia  dlffloult  to 
tall  whether  avanta  ware  merging  together  from  tba  16  bar  experiment*  alone.  Thie  data  Is  normalised 
with  raapeot  to  2 oyolaa  'he  bar  passing  avaat.  so  that  It  ia  possible  to  relate  laformatlon  from 
different  rune  io  terse  of  oyola  freotlon.  Tha  elgeele  eh^w  a background  turbulent  level  extending  over 
about  60%  of  tha  oyola  oberaoterleed  by  a elmiler  type  of  aignal  to  that  ohteJned  with  ao  rotating  bare. 
All  three  elgeels  have  a perlodlo  ooepooent  at  bar-paaalng  frequeeoy  wltb  two  ohereoterletlo  parte: 

(1)  Over  about  6%  of  tba  oyola  rapid  ohangee  In  level  of  tba  order  of  3 to  10  pa  riaa  and  fall 
tlmee  are  observed.  The  praaaura  slgaal  varlee  by  ♦/-  23%  and  tha  beat  transfer  rata  by  approximately 
♦ /-  30%.  This  dlaturbanoe  Is  attributed  to  shook  waves  generated  as  tba  her  eueepe  past  tba  oaaoada.  By 
exaaleetlon  of  Scbllereo  photographs  of  tbla  flow,  examples  of  wnloh  are  given  lo  Fig.  7.  the  nature  of 
tha  NGV  simulated  ebook  struoture  oan  be  determined.  Clearly  two  shocks  are  aaeocleted  wltb  ooe  bar- 
paaalng  event,  tha  bow  and  reooepreeeion  shocks  that  would  be  expected  at  tba  bar  relative  Kaoh  Number  In 
steady  flow.  Tha  aaparatloa  time  between  these  ebooks  la  approximately  73*a.  marked  as  At#  lo  Fig.  3(h). 
and  la  aeaa  to  correspond  to  the  time  latarval  hatwaan  tba  sharp  falls  ia  level  to  tha  adjeoeet  sharp 
peak. 

(11)  Following  thaaa  rapidly  o banging  avaata.  a eeoond  laaa  marked  change  in  level  associated  with 
tha  waka  la  alao  vlelhle  over  about  10%  of  tha  oyola.  marked  aa  tba  "waka”  ragloa  lo  Fig.  3(h). 

nat-XwlTid  fl»t  Irmfsr,  IUU  ttmanitnH  on  Sus tiaa.  Surf ast 

the  aatura  of  tha  reaction  of  otherwise  laminar  boundary  layers  to  both  a higher  level  of  Isotropic 
freeetream  turbuleeoe.  and  to  tba  intermltteet  dlaturhanoaa  oeused  by  tba  waka  and  ebook/ boundary  layer 
letereotlons  waa  leveetlgeted  la  more  detel)  using  tba  instrumented  suction  surface  shown  lo  Fig.  2(b). 
and  there  results  are  pre seated  in  Fig.  6. 
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(o)  Notural  Transition  of  the  Suotloa  Surfaoa  Bouadary  Layer 

Wide  bandwidth  hast  tranafar  signals  ohtalaed  from  tbo  ourfaoe  tbla  film  gauges  olsarly  llluatrata 
tba  Important  dlffareaooa  betwaan  tha  low  and  hlgb  fraaatream  turhulaaoa  oaaaa  as  shown  In  ths  high 
frequaaoy  traoao  of  Pig.  6(a).  Thare  la  a oonatant  spacing  of  5 sub  batvoan  tbo  tbln  film  gauge  results 
ohown,  starting  with  gauge  3 at  aa  x/a  value  of  0.12  through  to  gauge  15  at  z/o  * 0.63.  Ths  low 
turbuleaow  oaae  (Run  5723)  remalas  qulst  (lamlaar)  throughout  tha  satire  measuring  range  of  ths  translsst 
data  (to  z/o  - 0.65).  Tha  surfaoo  baat  transfor  for  ths  blgb  fraaatrsam  turbulasoe  oaaa.  wblla  starting 
somewhat  higher  than  tha  laminar  oaaa,  booooaa  laoraoalngly  dominated  by  sharp  tranolsnt  svsnta 
(ooaalatent  with  tba  thaory  of  turhulaat  apot  dsvalopmaat.  growth,  and  gradual  merger  as  proposed  by 
Emaoaa**  and  vsrlflad  by  many  others  (a.g.  Schubausr  and  Klahaaoff **) . Thsas  spots,  whloh  raise  ths  hset 
tranafar  ooefflolaat  lnatantanaoualy  to  high  turhulaat  lsvolo,  ooatlaua  to  grow  and  mar-ga  ustll  finally 
tbs  Nuaoalt  Numbar  olgnala  beoooa  increasingly  obaraotarloed  by  tba  "steady*  turbulent  lsvsls.  It  Is 
olaarly  ssea  that  hy  tho  z/a  - 0.65  atetlon  tha  flow  Is  at  tha  turbulsst  lavsl  mors  than  half  of  tbs  time 
hut  dropa  praolaaly  to  tha  uadlaturbed  laminar  values  batvrssn  the  turbulsst  evsnts.  Is  othsr  tests 
oonduoted  at  1.5  x Rs  daalgn,  the  boundary  layar  was  fully  turhulaat  at  this  looatlos. 

Tha  phyaloal  prooasa  of  turhulaat  apot  breakdown  to  turbulanoa  oan  ba  aass  In  Fig.  6(a).  Ths  growth 
and'  rearward  oosvsotlon  of  Individual  turhulaat  apota  Is  olaarly  aaan  as  they  move  along  the  blads 
aurfaoa.  Tha  apot  signals  grow  la  halght  and  width  aa  tba  opota  oovsr  mors  of  saoh  auooaedlng  thin  film 
gauge  and  ablft  In  time  dovnatraam.  Tbla  breakdown  prooaaa  la  quantified  la  more  detail  Is  Ashworth** 
where  lateral ttaaoy  lavala  are  eatlaated  from  ths  digital  tine  raoorda  and  apot  eosvsotlos  rates  ars 
a at lusted  from  oroaa-oorralatlon  analysis  of  adjoining  tbla  film  slgsals. 

(b)  Detailed  Wake  and  Shook  Intaraotloa  Effeots 

It  la  possible  to  analyse  tha  reaction  of  ths  blads  boundary  layar  to  ths  wake  and  shook 
perturbatlosa  with  2 bars  rotatlsg  hy  Investigation  of  ths  sequsscs  of  time-resolved  Nucsslt  Numbar  plots 
gives  la  Fig.  6(h), (o)  and  (d).  The  hlgb  freeetrsam  turbulasoe  oaaa  wltb  wakes  and  ebooks  prsasst 
(Fig.  1(h))  la  markedly  different  to  tha  saturally  transitional  boundary  layar  (Fig.  6(a))  over  tba  first 
35%  of  the  surfaoa,  wltb  similar  rapid  rises  and  falls  Is  Nusaait  Number  to  the  perturbs tlono  avldaat  Is 
Fig.  5.  This  shook  related  avast  oooure  or  the  early  auotion  aurfaoa  due  to  a shock /bound ary  layer 
lstersotlos  starting  at  gauge  9,  oloaa  to  tha  crows  of  the  euotlos  eurfaoe.  Examination  c t tha  Sohllaren 
photographs  (Fig.  7)  ladloatce  that  ths  ahooka  first  lnteraot  with  the  boundary  layer  sear  to  gauge  9, 
tha  raflaotlos  polst  moving  toward?  ths  Isading-edgs  a c tba  bar  moves  Is  tha  same  direotlos.  This  le 
visible  on  the  early  gauges  on  Fig.  6(h),  occurring  first  on  gauge  tbas  moving  gradually  through  gauges 
7 and  5 and  flsslly  showing  on  gauge  3.  The  rapid  drop  Is  aurfaoa  Musselt  Numbar  la  attributed  to  an 
unsteady  separation  and  tha  rise  to  a turbulsst  ra-attaohmeat  both  oaueed  by  the  shook  boundary  layer 
intaraotloa.  The  sffeot  of  the  wake  la  not  olaarly  dlaoarnable  la  Fig.  1(h)  and  to  aid  in  ldentlfloatlos 
of  this  tha  bars  ware  rotated  at  a lower  spaed  auob  that  tba  bar  relative  Maoh  Number  was  auheonlo.  The 
results  of  this  are  shown  aa  Fig.  6(c)  with  a much  more  olaarly  identifiable  anhanoemest  Is  heat  tranafar 
due  to  tbla  wake.  This  extends  to  tba  later  gauges  of  the  aurfaoa  oauslng  tha  bouadary  layer  to  be  fully 
turbulent  over  tha  extant  of  tha  wake.  Is  Fig.  ((d)  the  background  turbulence  was  reduoed  to  less  than 
0.9%  and  the  perlodlo  disturbances  due  to  the  bar-passing  e vesta  are  more  olaarly  evldest.  The  early 
auotion  aurfaoa  has  shock  related  pbesomena  extending  well  lsto  the  oyela  period  with  apparent 
oscillation*  Is  Nuaaalt  Number  moving  with  tbe  shook.  Also  apparent  f"oa  Fig.  ((d)  le  tha  lateral ttest 
nature  of  tbe  turbulanoa  lnduoed  In  tha  boundary  layer  hy  tbe  wake  and  shook  tatsraotlon.  a a tba  bouadary 
layer  olaarly  returns  to  Its  undisturbed  laminar  value  between  tha  perlodlo  events.  The  heat  tranafar 
enhancement  due  to  tha  wake  la  olaarly  evident  along  the  whole  aurfaoa. 

In  summary.  It  appears  that  ths  stats  of  tha  turbine  boundary  layar  seems  to  be  oent rolled  hy  the 
levsl  of  freestrean  turbulence  exoept  during  ths  time  for  which  tha  shook  and  wake  aotually  pass  through 
ths  oasoada  passage. 
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In  Fig.  7 Sohliorcn  photographs  ohowing  four  paosagea  of  tbo  oeaoedt  (narked  A to  D)  are  prcoented 
for  fivo  inotanto  in  the  bar-peaaing  oyolo.  Tbio  rofleoted  Sobliorcn  technique  givoa  ohangoa  in  tono 
oorreaponding  to  tho  integrated  effects  of  density  gradiont  aorooo  tbo  opan  of  tho  oaacadc,  oo  that 
ovonta  running  normal  to  tbo  tunnol  sidewall  obov  up  most  olearly.  With  no  bara  proaont  tbo  general  mid- 
tona  appenranoo  varies  noot  at  tbo  treiling-edgo  ahooka  witb  aoao  affoota  dua  to  tbo  high  eoooleretiono 
naar  to  tbo  loading-edges.  Tho  pbotographa  in  Pig.  7 are  from  tbo  2 bar  toots,  as  tbo  pioturoa  boo one 
ooaewhat  oonfuaing  in  tbo  hlgb-fraquanoy  wake-peasing  oaao.  Tba  position  of  tbo  bar  ia  ohown 
oorraoponding  to  tlno  1.  26  mo  before  tbo  bar  reaohao  ito  datum  poaition  at  90*  to  tho  tunnol  aidevall. 
Tha  tip  of  tba  bar  ontora  and  loevoa  tbo  oaooado  vben  tba  bar  radial  lino  io  inolined  at  ♦/-  45*  to  ita 
datua  poaition,  but  ovor  tbo  ranga  of  pbotograpba  abown  tbia  angle  varies  from  -3*  to  17*  tbuo  amounting 
to  11%  of  tbo  oyola  botween  bar  -passing  eventa.  Tho  abook  and  wako  events  are  ovldont  in  all  of  tboaa 
pbotograpba  ao  lo  detailed  hare  for  oaob  of  tbo  times  in  Pig.  7: 

1.  Tho  bow  abook  la  visible  in  pa-sage  C ao  t.  tbin  horizontal  line  Juat  touching  tbo  orown  of  *ha 
ouotlon  aurfaoa.  Tha  nurvad  and  of  tbio  sbuok  la  dua  to  rofraotlon  from  tba  leading-edge  of  tbo 
upper  blade  of  tbla  passage , ao  tba  shook  waa  chopped  bara  ao  tba  bar  svopt  by.  vertloelly  downwards 
from  tba  point  of  vlow  of  tboaa  pbotographa.  Soma  weak  ahock  activity  lo  evident  in  paaaago  0.  aa 
will  be  discussed  bolow.  Paaaaga  C oontalno  ooma  raflaotad  shook  eotlvlty  essooleted  with  tho  bar 
rooompreoolon  shook.  Tbo  wako  oan  be  seen  aa  a mottled  region  in  paooago  A covering  more  than  half 
of  tha  paaaaga. 

2.  71pa  later  tba  bow  abook  baa  paaaad  tbo  lower  blade  leading-edge  of  paaoaga  C and  io  now  being 
refracted  from  tbio  point.  Tha  rcrompreaaion  shook  ia  now  in  paaaaga  C,  with  ita  distorted  ahepo  duo 
to  reflection  effects.  Tha  wake  is  now  visible  in  both  paaaagaa  A and  B. 

9.  After  another  65m  the  bow  abook  has  nearly  left  tha  lower  paaaaga  (D>,  with  a quite  strong  raflaotad 
ohook  vielble  eo  e series  of  aroa.  dua  to  tba  three-dimensional  nature  of  tha  shook  aa  will  be 
daaoribed  bolow.  Tha  raoompraaaion  abook  la  olooa  to  tha  leading-edge  of  tha  upper  blade  of  paaaaga 
D.  elan  raflaotad  aoroes  tha  paoaaga.  Tha  wake  ia  otaadily  enoroaohing  in  to  tba  two  upper  paaaagaa 
(A  and  8) . 

4.  Tha  reflection  of  tho  raoompraaaion  shook  in  paaaaga  C la  etlli  evident,  and  tha  refreatton  of  the 
same  shook  in  tba  lower  paaaaga  la  now  overlapping  witb  tba  raflaotion  of  tba  bow  ohook,  whloh  now 
also  lo  raf looting  again  from  tba  preeeure  aurfaoa.  Tba  wake  la  now  starting  to  appear  in  paaaaga  C. 

5.  A short  time  ()0m>  later  tha  abook  aotivity  baa  elmoet  cleared  postage  C,  save  for  some  weak 

aeoondery  reflations  of  the  raoompraaaion  abook  etill  evident,  ourprielngly  reflecting  again  off  tha 

auction  aurfaoa.  It  ia  assumed  that  these  weaker  shook  interactions  would  not  have  muon  affaot  on 

tba  boundary  layer  state,  but  oould  oauaa  some  of  tba  osoilletiona  in  beat  transfer  notioasbla  only 

in  tha  oasaa  where  M_  . (tba  bar  relative  Maoh  Number  corresponding  to  U ia  transonic, 
re  l rai 
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For  tba  five  tieea  corresponding  to  tba  Schlleren  pbotographa  abown  In  Fig.  7.  prediotlone  of  tba 
wake  position  were  calculated , tba  reeulte  of  whloh  are  abown  in  Fig.  I.  The  wake  itself  ia  almost  2- 
dimcasloaal  in  form,  varying  mainly  in  height  aoroes  the  span  dua  to  tba  3 'dimensional  bar  geometry,  so 
that  only  e 2 'dimensional  oelouletlcn  la  oeoessery.  Tba  procedure  follows  that  daaoribed  in  Ooorly**. 
now  fully  automated  and  allowing  for  tba  spreading  of  tba  wake  by  using  a width  proportional  to  tha 
square-root  of  tba  distance  from  the  bar  along  tba  line  of  0^  witb  tha  o o ns t ant  of  proportionality 
derived  from  e database  of  wake  measurements.  The  prediction  procedure  Is  as  follows: 


j 
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(1)  A prediction  of  the  flowfleid  veloolty  Is  made,  In  thla  oaas  ualng  the  Denton  aobeoe*4  and  stored 
by  the  program. 

(11)  U ^im  oeloulated  (assumed  oonatant  eoroaa  tba  span),  tba  osnter-lins  of  tbe  undlatorted  wake  la 
oalculated  free  the  apeolfled  bar  poeltlon  and  the  width  added. 

(Ill)  The  wake  le  ablfted  baok  In  tlae  ao  that  tbe  bar  will  return  to  ita  oorreot  poeltlon  following  the 
marching  prooeaa  of  the  predlotlon  routine. 

(iv)  From  thla  Initial  poaltlon  aleaenta  of  tbe  wake  era  oonveoted  hy  eaell  tlae  atepa  ualng  tbe  looal 
veloolty  Interpolated  from  tbe  pi-ediotlon  until  tbe  bar  reeobea  the  apeolfled  looetlcn.  The 
differential  velooltlea  In  tba  flowfleid  oeuee  dlatortlon  of  the  wake  along  lta  length  and  aoroaa 
Ita  width  aa  It  la  eooelerated  through  tbe  ptaaage. 

Thla  simple  aobeme,  whlob  oould  be  lnoorporeted  In  tbe  blade  design  prooeaa.  agrees  well  with  the 
poaitlona  of  tbe  wake  on  the  Sohlleren  photographs,  ao  that  tbe  fraotlon  of  tlaa  that  tbe  beat  transfer 
rate  to  the  aurfeoe  la  effeoted  by  tbe  wake  oould  he  oeloulated  and  lnoluded  In  the  lnternlttenoy  ten  of 
e predlotlon.  It  also  demonstrates  that  to  tbe  level  of  our  Measuring  ability  second-order  effeota  auoh 
as  the  "negative  Jet”  effeot  do  not  algnlfloantly  effeot  the  wake  poaltlon,  ee  referred  to  in  Doorly11, 
and  that  the  assumption  that  thla  flow  unsteadiness  may  be  superimposed  on  the  steady  flowfleid  la  e 
valid  approximation. 


Although  it  wea  possible  to  model  the  wnke  In  2-dimenaionel  terms,  tbe  shook  struoture  associated 
with  the  transonlo  nature  of  the  her  (as  varies  from  1.06  at  the  hub  to  1.2S  at  the  tip)  la  not 
atrlotly  2-dimenalonel,  ea  has  hssn  aesn  In  the  Sohlleran  photographs  (Fig.  7).  An  attempt  was  made  to 
predlot  the  positions  of  the  how  end  reoompresslon  shocks  due  to  tbe  bar  In  order  to  allow  trejeotory 
rate  calouletlons  to  he  made  relating  to  the  hset  transfer  measurements,  end  to  eld  In  understanding 
phenomena  observed  In  the  Sohllsrsn  photogrepna.  An  example  of  suoh  e predlotlon  la  presented  aa  Fig.  9. 
The  predlotlon  la  heaed  on  tbe  assumption  that  for  e small  element  of  the  her  the  flow  la  2-dlmeneion»-l 
with  reapeot  to  the  plane  oontelnlag  0^  and  normal  to  the  her  axis,  e quasi- J-dlme nalonel  epproeoh 
described  In  detail  In  Ashworth11.  Aa  Bavarian  In  both  magnitude  and  direction,  ao  does  the  associated 
shook  structure,  and  unlike  the  wake,  this  variation  ehould  be  eooounted  for.  The  method  of  predlotlon 
was  computerised  ea  follows: 

(1)  For  assumed  oonatant  inlet  conditions  and  e apeolfled  poeltlon  of  the  bar  la  oeloulated  end 
lte  dlreotlon  determined. 

(11)  The  equation  of  the  how  shook  In  the  2-dimenalonel  plane  described  above  la  derived  from  ualng 
the  method  de»orlbed  In  Shapiro14,  shock  properties  and  turning  angles  obtained  by  ourve-fli 
equations  where  neoeasary  over  a range  of  Mach  Number  from  1.0  to  1.9. 

- 1 

(111)  The  reoompreselon  shook  la  assumed  to  be  straight  end  lnollned  et  the  Haoh  angle  (sin  I/H  .)  to 

rei 

ths  direction  of  M . with  e virtual  origin  two  diameters  downstream  of  tbe  bar. 
rei 

(Iv)  The  shocks  ere  ohoppe*4  and  refreoted  If  they  ere  downstream  of  the  blade  exlel  leading-edge  point. 

with  allowance  mad*  for  regeneration  of  the  shook  as  it  moves  ewey  from  this  point. 

(v)  Finally  the  points  of  Intersection  with  vhe  blade  auotlon  surface  ere  celou...ted.  end  the  shocks 
are  simply  refleoted  from  an  origin  mid-way  between  the  two  intersection  points. 

Comparison  with  the  Sohlleren  photographs  la  enoou raging . the  position  shown  In  Fig.  9 corresponding 
to  time  2 In  Fig.  7..  end  It  Is  hoped  that  Information  from  tble  simplified  model  will  prove  useful  ee  an 
eld  to  understanding  the  oomplex  shock  movements  In  turbine  passages.  In  spite  of  the  many  simplifying 
assumptions  made  In  this  predlotlon  (euoh  aa  allowing  for  no  variation  of  the  freest ream  velocity). 


It  bar  been  established  during  the  oourae  of  this  study  that  the  Xeentroplo  Light  Fistoe  Tunnel 
facility  oomblned  with  the  wide  bandwidtb/hlgk  sampling  rate  hast  transfer  Instrumentation  has  proved 
oapshle  of  trmoklug  very  rapidly  progressing  unsteady  events  In  * transonic  boundary  leyor.  Operating 
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undar  a alaulated  unataady  gat  turbina  rotor  anxironmeot  sensitive  detection  and  precision  traoking  of 
transiant  ebock,  vaka  and  boundary  layer  transitional  events  veu  eooomplietaed. 

A aacond  major  outcome  of  tbia  atudy  was  tha  observation  that  tba  strong  unataady  iataraotion  of  a 
doubla  shook  and  a simulated  HOT  vaka  vltb  tha  rotor  boundary  layar  did  not  have  any  measurable  "long- 
term* affacta  apart  froa  tba  strong  exouraion  In  haat  transfer  asaoolatad  with  tba  aotual  passing  of  tha 
shocks  and  vaka.  Tha  baat  tranafsr  fluctuation  levels  vara  assantlslly  unohangsd  far  removed  froa  tba 
dlaturbanoa  (in  Visa)  and  naarly  idaatioal  at  tba  rearmost  measuring  point  axoapt  for  a turbulent  patob 
asaoolatad  with  tba  shook/vaka  event  itaalf. 

Tba  intaraotion  of  tba  abooka  end  vaka  vlth  tba  rotor  astabllabaa  in  more  datall  tba  aarliar 
observation  of  Aahvortb  at  al.&’  and  Doorly  and  Oldfield*  of  atrong  o bangs a in  looal  baat  transfar 
ooaffiolant.  Tha  traoklng  cf  tba  Intaraotion  over  tha  surftoe  oould  ba  follovad  vltb  soat  praolslon  with 
tha  tisia  raaolution  of  tba  instrumentation  usad. 

Predictions  of  tba  positions  of  both  tba  vaka  ard  abook  atruoturaa  oauaad  by  tha  bar  are  sort 
enoouraging , as  they  are  based  on  simplified  soda Is  easily  lnoorporatad  in  tha  design  prooasa,  unlike 
many  other  satboda  vhloh  are  to  unwieldy  for  turblna  designers  to  uaa.  They  both  are  baaed  on 
suparispoalng  tba  unsteady  struotures  on  existing  ataady-atata  information,  and  as  auoh  agree  wall  vitb 
■assured  data. 
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SECTION  A.  A. 


Fig.  1(a)  Arrangement,  at  the  rotating  bar  wake 
generator  and  caacade. 
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Fig.  1(b)  Velocity  trlanglee  at  Inlet  for  the 
ateady  nominal  daalgn  caee  at  ald- 
epan,  ehovlng  the  reduced  Incidence 
cauaed  by  the  deficit  In  the  wake. 
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(a)  (b) 

fig.  .’(a)  Co-ordlnai a a or  tU  orUlul  heat  inaifir  on  tha  blad*  proflla. 

2(b)  Co-ordlnataa  of  the  h«*c  'ranafar  ftiutaa  for  th«  datallad  cuctloa  aurfaca  atudy, 
r«ferrrd  to  in  Fla.  t. 
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Fig.  4(b)  Effect  of  Incidence  variation  on  mean  surface  laentroplc  Ma;h  Number  at  the  nominal 
design  case  (M?  ■ 1.18,  Re  - 0.919E6). 
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ll<.  5(a)  Illustration  of  the  comparative 

velocity  triangles  lor  the  engine 
and  cascade  simulation  of  tha  K CM l 
rotor  Interaction. 
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Fig.  5(b)  Measurements  of  the  unsteady  distur- 
bance at  Inlat  by  a hot-wire  in  the 
fraaatrean  and  heat  transfer  and 
pressure  measurements  at  the  stag- 
nation point. 


A 


turbulence  case  « 1Z,  Run  5723). 


Instrumented 

Blade 


Cascade  Axial 

Pitch  Chord 

’ 34.3  mm  = 34.82  m 


~0— I — S~\  ' — 


S S ^ 

1:  T * -26  us  2:  T * 45  us  3:  T • 110  us 


v -7 


»b  • 12 


'b*  ” 


4s  T * 140  us  5:  1 * 170  uS 
\ * 37  ™”  Y.  = 44  mm 


Flg"  * ThId!woeiln^*fP°“ltlr'/t  'ln"  corro8Pondlng  to  th.  Schli.r.n  photograph.  In  Fig.  7. 
wa^gton  * * *"  Uldln8  >nd  tra111"8  ed8*’  °<  '»*  »Uhly  turbuUnt 


Instrumented 

Blade 


Refracted  Shocks 


Direction  of 
■ Schlieren 


Photographs 


ill 


» 


v \ 


A'.V* 


i'ii 


MBlii 


Reflected 


|i‘  • kl,'  ■' 


Si 


;Ul'; 


Sue 
Surface 


Pressure 


Surface 


Bar-Wake 

Re-Coapression 

Shock 


Position 


Inlet  Flow 


Bar  Rotation  Direction 

.how,  fo,  clarity.  Th,  r"  ra«  L .nd  , d‘>wn“re“  °<  '»>•  bar  er. 

re-coapreeeloei  . och  »r  ‘ “ i"d/  Mrtl0Vf  b°'h  ,hock*  c*n  »*  ««■  ““b  th. 

.tand-oif  di etenc.  ».M«iL  ^ i ™ " th‘  d,tecbed  bow  .hock,  do.  to 

toverda  th.  hub  due  to  the  lower  Much  iV*  Mach  Su*b,r-  both  ahocka  are  weaker 

than  the  re-co.pree.ion  .hock  ecren*^  ^Ich 'Zl.V  'h*  'h°Ck  e‘r*ngth  U" 


I 


k- 


a 

! 


t 

t 

i 

t 

i 


3-16 


DISCUSSION 


P.Rxmette,  Fr 

The  wake  is  induced,  in  your  experiment,  by  a bar  with  a diameter  corresponding  to  the  nozzle  trailing-edge  section, 
which  is  symmetrical,  while  the  nozzle  wake  is  non-symmetrieal.  Consequently,  you  do  not  have  the  same  gradients. 
How  representative  of  a nozzle  wake  effect  is  your  experiment? 


Author's  Reply 

The  work  reported  here  is  the  follow-up  of  work  carried  out  on  a different  profile,  with  a lower  relative  bar  Mach 
Number,  as  reported  by  Doorly”  Prior  to  these  tests,  static  tests  were  earned  out  by  inserting  a bar  in  a cascade  with 
NGVs  mounted  in  the  same  test  section.  It  was  therefore  possible  to  traverse  both  bar  and  nozzle  wakes  and  it  was 
noted  that  the  bar  wake  was  quite  represcn'ativc  of  the  NGV  wakes.  The  larger  momentum  deficit  corresponding  to  the 
suction  side  boundary  layer  that  one  would  expect  to  contribute  to  the  asymmetry  did  not  appear  to  be  significant  and 
we  assumed  the  same  to  be  true  for  our  cascade.  It  is  worth  noting  that  the  weaker  shock  in  the  experiments  reported  by 
Doorly1”5  only  caused  a boundary  separation  once  the  shock  passed  the  leading  edge  of  the  blade.  It  is  very  interesting 
that  quite  different  results  can  be  obtained  from  similar  experiments  with  only  a few  parameters  altered,  the  most 
important  of  which  is  the  shock  strength. 


r Doorly,  DJ.,  “A  Study  of  the  Effect  of  Wake  Passing  on  Turbine  Blades".  D.  Phil  Thesis,  University  of  Oxford, 
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